The effects of body fat mass on the elimination of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) was examined in mice. When male C57BL/6J mice are fed a high-fat, simple carbohydrate diet (HFD) for 13 weeks, they develop an obese phenotype. In contrast, A/J mice fed an HFD do not become obese. After 13 weeks on a normal diet (ND) or HFD, male C57BL/6J and A/J mice received a single dose by gavage of 0.1 or 5.0 mg of 2,3,7,8-tetrachloro[1,6-3H] dibenzo-p-dioxin per kg body weight. Using classical pharmacokinetics, the blood elimination half-life of TCDD was approximately 10 and 2 times longer in the C57BL/6J on the HFD compared with the mice on the ND at 0.1 and 5.0 lg/kg doses, respectively. The diet did not increase the blood half-life of TCDD in the A/J mice, which did not get obese. Using a physiologically based pharmacokinetic model for TCDD that incorporated experimentally derived percent body fat mass and tissue partition coefficients, as well as data on hepatic sequestration, did not provide accurate predictions to the data and could not explain the increase in half-life of TCDD in the HFD groups. This work demonstrates that obesity influences the half-life of TCDD, but other undetermined factors are involved in its elimination because the increase in body fat mass, decreases in cytochrome P4501A2, and altered partition coefficients could not completely explain the prolonged half-life.
2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is the most potent dioxin-like chemical. Dioxin-like chemicals are found in all strata of the ecosystem (Birnbaum, 1998; Devito et al., 1995; Van Miller et al., 1976; White and Birnbaum, 2009 ) and induce many biochemical, physiological, and toxicological responses, including the induction of cytochrome P4501A (CYP1A) and 1B isoforms; the modulation of growth factors and their receptors (Birnbaum, 1998; Birnbaum and Tuomisto, 2000; Chang et al., 2016; Devito and Birnbaum, 1994) . The biological effects of TCDD are mediated through binding and activation of the aryl hydrocarbon receptor (AhR) (Birnbaum, 1998; Birnbaum and Tuomisto, 2000; Devito and Birnbaum, 1994; Diliberto et al., 1999) . Several recent studies implicate dioxins and the AhR in the development of metabolic disorders (Chang et al., 2016; Chevalier and Fenichel, 2016; La Merrill et al., 2013) . Along these lines, recent evidence points to the role of the AhR in regulating intermediary metabolism. Enhanced insulin sensitivity and improved glucose tolerance are observed in AhR-deficient mice (Wang et al., 2011) , and the effects of a high fat, simple carbohydrate diet (HFD) are diminished in AhR-deficient mice (Jaeger et al., 2017) .
One of the challenges in understanding the role of dioxins in the development of metabolic disorders is the association of this syndrome with obesity. Obesity can change the pharmacokinetics of a chemical but the effects differ dependent upon the specific metabolic or elimination pathways involved (Brill et al., 2012) . The elimination of drugs that are metabolized predominately by CYP3A4 isoforms are decreased in obese patients compared with non-obese patients (Abernethy et al., 1984; Flechner et al., 1989; Yee et al., 1988) . In contrast, elimination of drugs metabolized by CYP2E1 (Kharasch et al., 1994; Miller et al., 1980) and CYP1A2 (Abernethy et al., 1985; Caraco et al., 1995; Kamimori et al., 1987) are increased by obesity. Dioxins are lipophilic chemicals, and their pharmacokinetics can be influenced by obesity. The pharmacokinetics of TCDD are relatively well understood (Emond et al., 2005; Kerger et al., 2006; Michalek et al., 2003; Michalek and Tripathi, 1999) . TCDD is predominately eliminated unchanged through biliary elimination in a variety of species including guinea pigs, rats, and humans (Abraham et al., 1989; Kreuzer et al., 1997; Olson, 1986) . TCDD induces its own elimination at high exposure, and its pharmacokinetics are highly influenced by the percentage of body fat at low exposures (Emond et al., 2005) . However, the impact of obesity on the elimination of TCDD remains uncertain (Michalek et al., 2003; Ruiz et al., 2016; Tuomisto et al., 2016) .
Two strains of mice, A/J and C57BL/6J, used to study obesity differ in their susceptibilities to a high fat diet (Gallou-Kabani et al., 2007) . When fed a high fat diet, C57BL/6J males develop obesity (predominantly mesenteric fat), hypertension, hypercholesterolemia, hyperinsulinemia and hyperglycemia, showing a high susceptibility to diet induced metabolic syndrome (Black et al., 1998; Gallou-Kabani et al., 2007; Surwit et al., 1988) . The A/J mouse is resistant to the obesogenic and diabetogenic effects of a high fat diet (Black et al., 1998) . Although C57BL/6J males develop a nonalcoholic fatty liver disease characterized by progression to nonalcoholic steatohepatitis, fibrosis, and cirrhosis, the A/J males are resistant to these conditions (Sinasac et al., 2016) . A possible cause of increased adipose tissue content in C57BL/6J mice is an alteration of the b-adrenergic receptor function in white and brown adipocytes (Black et al., 1998) . In contrast, C57BL/6J mice increase their leptin levels only in association with an increase in body weight (bw) in response to the HFD, and the leptin levels in C57BL/6J mice exceed those in A/J only after C57BL/ 6J mice develop massive obesity (Bardova et al., 2016) .
Here, we examined the role of an HFD on the pharmacokinetics of TCDD. C57BL/6J mice were used because they develop obesity and metabolic syndrome in response to a high fat diet. A/J mice were also used because they do not become obese when fed a high fat diet. Because TCDD is highly lipophilic and accumulates in adipose tissue, we hypothesize that obese animals should have a longer half-life compared with their lean control counterparts. Obesity impacts more than just body fat mass, so in order to assess the role of increased adipose mass from the impact of other obesity induced changes, a physiologically based pharmacokinetic (PBPK) model for mice was used to analyze the data. The present study demonstrates that obesity increases the half-life of TCDD and the use for the PBPK model indicates that factors in addition to increased adipose mass are involved in these changes. Animals and treatment. Weanling male C57BL/6J and A/J mice aged 3 to 4 weeks old (approximately 10 g) were obtained from Jackson Laboratories, Inc (Bar Harbor, ME). Prior to treatment, the mice were held in an U.S. Environmental Protection Agency (U.S. EPA) animal facility approved by AAALAC International (formerly the Association for Assessment and Accreditation of Laboratory Animal Care). Five mice were housed in each plastic cage, with heat-treated pine shavings as bedding. The mice were maintained at 21 6 2 C with 50 6 10% humidity on a photoperiod of 12 light:12 dark (06h00-18h00) with food and tap water ad libitum. All animal procedures were approved by the U.S. EPA's Institutional Animal Care and Use Committee prior to use. Upon arrival, mice were placed on a normal diet (ND) consisting of 23.0% protein, 4.5% fat, 6.0% fiber, 8.0% ash, and 56.0% complex carbohydrates (Purina 5001 Rodent Chow). The mice were given 1 week to acclimate before the study began. At the start of the study, half of the mice were randomly placed on an HFD, consisting of 36.0% lard, 35.0% simple carbohydrates, and 20.5% protein (diet #1850 BioServ, Flemington, NJ). The other half of the mice were maintained on the ND of Purina 5001 Rodent Chow. After 13 weeks on the HFD or the ND, the mice were exposed to a single oral dose 0, 0.1 or 5.0 mg [ 3 H]TCDD/kg bw in a corn oil vehicle at a dose volume of 10 ml/kg. Mice were terminated (5 mice per group) at 1, 3, 10, 20, 30, and 40 days postexposure for animals consuming the ND. For animals consuming the HFD, an additional set of control and TCDD treated mice were included at the start of the study and were terminated 60 days postexposure. During the post-TCDD exposure period, all groups received the same diet as during the pre-exposure period. At each of the time points, 5 mice were randomly euthanized, and their blood, liver, adipose tissue, kidney, skin, and muscle were sampled to determine TCDD-derived radioactivity. All dissectible body fat was removed and weighed for each mouse at each time point.
MATERIALS AND METHODS

Chemicals
Tissue sample. Radioactivity in tissues from the 6 groups of each mouse strain, at different time points, was determined by combustion (Packard 306B Biological Oxidizer Packard Instrument Co, Downers Grove, IL), followed by liquid scintillation spectrometry (Beckman Scintillation Counter, Beckman Instruments). Briefly, the lung and liver were homogenized in 10 and 4 volumes of icecold buffer containing 10% glycerol, 250 mM sucrose, 1 mM dithiothreitol, 0.5 mM EDTA, 25 mM KCl, and 10 mM HEPES (pH 7.4) (Devito et al., 1993; Diliberto et al., 1995) . Triplicate samples of 100 ml of liver and lung homogenate were combusted. Triplicate samples (100 mg/sample) of intact skin collected from the dorsal neck area were combusted. Triplicate samples of blood (200 mg/ sample), muscle (100 mg/sample; right and left leg thigh muscles), and perirenal adipose tissue (50 mg/sample) were collected and combusted. The left and right kidneys were combusted individually. Previous studies have shown that the radioactivity localized in liver and adipose tissue is >95% unmetabolized TCDD (Kedderis et al., 1991) , and this was assumed for all other tissues analyzed in the current study.
Western blot analysis. Liver microsomes were prepared based on the method of Devito et al. (1996) . Microsomal protein concentrations were determined using a BioRad Protein Assay Kit. Microsomal protein samples were prepared in Biorad Laemmli sample buffer with 5% b-mercaptoethanol and loaded onto Biorad Criterion precast 10% Tris-HCl, 1.00 mm 26-well, 15 ll, gels and electrophoresed at 125 V for 90 min. Proteins were transferred to Biorad nitrocellulose membranes at 23 V for 30 min. To decrease gel to gel variability, samples were blocked by strain, diet, and time point. In addition, to compare the effects of diet on CYP1A2 protein levels, microsomal samples from the vehicle control animals from the ND and HFD C57BL/6J and A/J mice were reanalyzed on gels which were blocked by time point. Rat CYP1A2 supersomes (Corning Inc, Wilmington, NC) were used as a positive control and actin was utilized to correct for total protein loading across samples. A 10% milk solution was used for blocking of membranes. Primary antibody (Ab) for CYP1A2 came from Santa Cruz Biotechnology, Inc (K-15 sc-9836, goat IgG). Primary Ab for Actin was I-19 sc-1616, goat IgG, from Santa Cruz Biotechnology, Inc. The secondary Ab was Biotin-SP-conjugated Donkey Anti-Goat IgG from Jackson ImmunoResearch Laboratories, Inc and was used with peroxidase-conjugated streptavidin (Jackson ImmunoResearch Laboratories, Inc, West Grove, PA). For Immunodetection, SuperSignal West Femto Maximum Sensitivity Substrate from Pierce was used. Membranes were imaged with Biorad Flour-Smulti-imager and quantified with Biorad Quantity One imaging software. The linearity of the assay was assessed using the control microsomes. Samples from TCDD-treated animals were diluted appropriately to attain linearity of the response for CYP1A2 quantification. Animals in the 60-day time point were not include in the western blot analysis.
Use of classical pharmacokinetics to analyze the data. An initial analysis of the data was performed using a classical pharmacokinetic model (PK Solution package) in Microsoft Excel. This software was used to calculate pharmacokinetic parameters such as half-life (T1 =2 ), volume of distribution (V d ), area under the curve (AUC obs ), maximal concentration (C max ), and the time when the maximum concentration in the systemic circulation was reached (T max ). The software SPSS (version 24) was used to perform multiple regression/correlation tests, to evaluate whether the half-lives were different between treatment groups. Using SPSS (version 24), we determined the probability value, the t-value for the significance test, and the degrees of freedom. A probability value of p < .05 was used to indicate significance.
Use of PBPK model to simulate the experimental data. PBPK modeling is a pharmacokinetic approach that uses mathematical descriptions of absorption, distribution, metabolism, and excretion based on the interrelationships among physiological, biochemical, and physicochemical determinants of these processes (Andersen, 2003) . This modeling approach is useful for characterizing the pharmacodynamic dose-response and the mode of action for xenobiotics or to generate hypotheses from clinical observations. In fact, PBPK models may be used to examine the pharmacokinetic differences among life stage conditions or to generate a hypothesis about the fate of an internal dose. The intrinsic physicochemical and biological properties of chemicals are responsible for a large part of their kinetic behavior in vivo. For persistent and lipophilic xenobiotics, such as TCDD, two major parameters drive distribution and excretion. These two parameters are the body mass index, which refers to the adipose tissue fraction, and CYP1A2, which is responsible for sequestration of TCDD in the liver. The sequestration in the liver tissue depends upon the body burden (Emond et al., 2006; USEPA, 2012) . Thus, at low body burden, distribution favors adipose tissue as the major storage compartment for TCDD. Nevertheless, when the body burden of TCDD is higher, there is a redistribution back from adipose tissue stores into the liver. Based on body burden, the importance of hepatic sequestration becomes significant above 200 ng TCDD/kg bw during sub-chronic exposure of mice, which is equivalent to approximately 15 ng TCDD/kg/d for 13 weeks (Diliberto et al., 2001) .
Anatomical, physiological, and biochemical parameters such as tissue volumes, cardiac output, blood flows, partition coefficients (PCs), and permeability constants were extracted from the literature (USEPA, 2012). The PBPK model used for the current study was written with Advanced Continuous Simulation Language version 11.8.
The experimental conditions were simulated with two different conditions, as follows:
1. The same parameters were used for the current study as were employed in the National Center for Environmental Assessment (NCEA)'s dioxin reassessment (USEPA, 2012), except for the experimental adipose tissue fraction measured by dissection for each group of mice in this current study. 2. The data were simulated using the same parameters as were employed in NCEA's reassessment, except that the experimental adipose tissue fraction for each group and the experimental estimates of PC were calculated from the tissue: blood concentration ratios between days 10 and 60 where the means were used in the model.
In addition, we evaluated optimizing the parameters describing the induction of CYP1A2 (Emond et al., 2006) .
RESULTS
Experimental Data
Effects of diet on body weight. After 13 weeks on the HFD, the C57BL/6J mice fed an HFD (C57HFD) mice weighed significantly more than the C57BL/6J mice fed an ND (C57ND mice), 39.1 61.5 g versus 28.16 0.7, respectively ( Figure 1A and Supplementary Table 1 ). These changes correspond to a 39% increase in bw from the start of the study for the C57HFD mice compared with 10% for the C57ND mice. In contrast, the A/J mice that were fed the HFD (AJHFD) weighed only slightly more than the A/J mice that were fed the ND (AJND), 30.1 6 5.7 g versus 26.6 6 0.5 g, respectively (Figure 1B and Supplementary  Table 1 ). These changes correspond to an increase in bw of 7% for the ND compared with 9.5% for the mice that were fed the HFD. After 13 weeks on either the ND or HFD, the mice were exposed to either corn oil vehicle or TCDD via gavage dosing. Forty days after exposure to TCDD, the increase in weight is relatively similar between the treated and untreated C57ND, AJND, and AJHFD. However, by the end of the study, the bw in the C57HFD mice exposed to either vehicle or TCDD were approximately 20 g heavier than the bw in vehicle or TCDD exposed C57ND, AJND, or the AJHFD mice. In addition, treatment with either 0.1 or 5.0 mg of TCDD/kg of bw did not have any effect on bw in any of the mice regardless of their diet (Figure 1 and Supplementary  Table 1) .
Hepatic CYP1A2 Protein Levels CYP1A2 concentrations were determined using western blot analyses of hepatic microsomes isolated from all animals in the study up through 40 days of treatment. The C57ND and A/J mice on the ND have similar CYP1A2 levels in hepatic microsomes (p > .5). In both the C57BL/6J and A/J mice, animals on the high fat diet had approximately a 40% decrease in microsomal CYP1A2 compared with their normal fed controls (p < .02) (Figure 2A ). TCDD exposure resulted in a dose and time dependent induction of CYP1A2 in both strains and diets (Figs. 2B and 2C) . Induction was evident 1 day after exposure and peaked between days 3 and 10. Animals on the high fat diet tended to have a higher fold induction of CYP1A2 compared with the mice on the ND, particularly at the high dose (Figs. 2B and 2C).
Tissue Dosimetry Profiles
At the low dose for both strains and diet, adipose tissue was the major depot for TCDD, followed by the liver. Other tissues such as the kidneys, muscle, skin, and blood had TCDD concentrations ranging from approximately 10 to 100 times less than the liver or adipose tissue ( Supplementary Table 2A-D) . Consistent with the literature reports of a dose-dependent hepatic sequestration of TCDD, at the high dose of 5.0 mg TCDD/kg bw, the liver had a higher TCDD concentration than the adipose tissue in both strains and diets (Figure 3 and Supplementary Table 2A-D) . In mice consuming the ND, the hepatic sequestration is explained by the induction of CYP1A2, which binds TCDD. In the HFD groups, especially in the C57BL/6J mice, the increased concentration in the liver is likely explained by a combination of CYP1A2 induction and lipid accumulation in the liver, which is suggested by a higher PC for the HFD group and visual observation at necropsy.
In the C57HFD mice, the concentrations in the liver and fat are approximately half of the levels found in the C57ND mice at both the high and low doses up to 30 days postexposure, when the concentrations are approximately equal (Figs. 3A and 3B) . In blood, kidney, skin, and muscle, the TCDD concentrations are similar at the early time points between the two dietary groups ( Supplementary Table 2A and B) . However, at the later time points, the mice in the HFD groups have higher concentrations than those in the ND groups. These differences between the HFD and ND mice are also present when expressed as % dose per tissue. In contrast, in the A/J mice, diet does not alter tissue concentrations at either dose level (Figs. 3C and 3D and Supplementary Table 2C and D) .
In the C57HFD mice, the half-life appears longer in the liver and adipose tissue than in the C57ND mice. In the C57HFD mice, the liver and adipose tissue TCDD concentrations remain constant from 20 to 60 days postexposure (Figs. 3A and 3B) . A similar tissue concentration versus time curve is also observed for blood concentration in the C57HFD mice where the blood elimination curve is almost flat between 10 and 60 days ( Figure 4A ). The concentration in the kidneys also remain constant starting from 10 days postexposure. In muscle and skin, the TCDD concentration appear to increase slightly over time in the C57HFD mice (Supplementary Figure 1 and Table 2B ). These findings suggest that the obese animals are only marginally eliminating TCDD and are at a pseudo steady-state at both the high and low dose exposures.
In contrast to what was observed in C57BL/6J mice, there was no significant difference in the % administered dose in the liver and adipose tissue between the A/J ND and those that consumed an HFD (Figs. 3C and 3D ). This observation suggests that the HFD has a negligible impact on the elimination of TCDD in A/J mice ( Figure 4B and Supplementary Figs. 2 [ng/kg] and 4 [% dose]). This is consistent with the nonsignificant difference in bw in the A/J mice consuming the HFD compared with the A/J mice on the ND ( Figure 1B) .
Comparisons of half-lives based on blood were evaluated (Figs. 5A and 5B and Table 1 ). For the C57BL/6J strain, the elimination is quicker for the mice that were fed an ND when compared with those that consumed an HFD ( Figure 5A ). The ratios of the half-life for the HFD to ND at 0.1 and 5.0 mg TCDD/kg bw are 10 and 2.1, respectively ( Figure 5A and Table 1 ). For the A/J strain mice, the half-life ratios at 0.1 and 5.0 mg TCDD/kg bw are approximately 1.0 and 0.6, respectively ( Figure 5B and Table 1 ).
Experimental partition coefficient. The PC represents the ratio of the tissue concentration divided by the blood measurements at steady state ( Supplementary Figs. 5A and 5B). For the PBPK model, the experimental PC for adipose tissue, muscle (corresponding to the rest of the body in the PBPK model for TCDD), and liver was determined as the mean of the ratio of concentration in these tissues divided by the concentration in blood between 10 and 40 days postexposure. These ratios were relatively constant across time for muscle and adipose tissue at low and high doses, and for the liver at low doses. However, for the liver at the high dose, the ratio of the liver to blood concentrations varies over time because the TCDD level was influenced by both the PC and the reversible binding to inducible CYP1A2 ( Supplementary Figs. 5A and 5B) and is designated as an "apparent PC." For the simulations, the liver PC was set at 6, based on the PC parameter value in the original PBPK model (Emond et al., 2005; USEPA, 2012) . The enhanced accumulation of TCDD in the liver is then described by the induction and binding to CYP1A2. The values for the adipose tissue and rest of the body in the original PBPK model are 100 and 1.5, respectively (Emond et al., 2005; USEPA, 2012) .
Modeling Simulation
Use of classical pharmacokinetic analysis to evaluate the data. Classical pharmacokinetic analysis was performed with PK Solution's noncompartmental software (version 2.0). Because there were significant differences in bw and tissue: blood ratios, we evaluated classical pharmacokinetic parameters based on TCDD blood concentrations. In both strains of mice, the half-life decreased with greater exposure (Table 1) , although this only reached statistical significance with the A/J mice with (p ¼ .01). In the C57BL/6J mice fed an ND, the half-life at the low dose was approximately double that of the high dose, but this was not statistically significant (p ¼ .103).
The HFD increased the half-life in both dose levels of the C57BL/6J mice. At the high dose of TCDD, the half-life doubled in the animals fed the HFD compared with those on the ND. In C57BL/6J mice exposed to 0.1 lg/kg of TCDD, the half-life was increased by approximately 10-fold by the HFD (Table 1 ). In contrast, in the A/J mice, the half-life was not altered by the diet. Finally, a comparison between the C57BL/6JND and A/JND mice suggest a slightly slower elimination TCDD in the C57BL/6J mice at the 0.1 lg//kg dose (Table 2 ).
In the C57HFD strain, the AUC was higher in mice consuming the HFD when compared with those eating the ND by 2.65-fold for the low dose and 1.74-fold for the high dose. For the A/J mice, the ratios are 1.6 for the low dose and 1.38 for the high dose (Table 1 and Figure 5 ). These observations showed that for both strains and doses, the AUC ratio was higher for the C57BL/ 6J mice than for the A/J group (Table 1) . These observations suggest that the HFD slowed the elimination in both strains, although this was more pronounced in the C57 strain.
For the C57BL/6J mice, the C max values were similar for the same dose between the ND with 58.3 ng/kg bw 6 22.1 for 0.1 mg TCDD/kg bw and 3610 ng/kg bw 6 263 for 5.0 mg/kg bw and HFD groups with 65.3 ng/kg bw 6 13.2 for 0.1 mg TCDD/kg bw and 3096 ng/kg bw 6 653 for 5.0 mg/kg bw, which suggests that obesity does affect the oral absorption rate of TCDD. For the A/J mice, the C max value is 40% lower in the HFD group than for the ND group ( Figure 5B ). The T max values were similar for each group except for the AJND mice that received 5.0 mg TCDD/kg bw where the T max was 1 day.
Use of the PBPK model to simulate the experimental data. Several pharmacokinetic simulations were performed by using the PBPK model in mice that was developed in 2012 for the dioxin reassessment (USEPA, 2012) . Briefly, this model includes 3 compartments (ie, liver, adipose tissue, and rest of the body), which are connected to the systemic circulation. This PBPK model contains a biological mode of action in which the induction of CYP1A2 leads to TCDD sequestration. Using this PBPK model, two approaches were used. The first approach uses the same parameters as in USEPA's reassessment, except that the fraction of the adipose tissue is adjusted to the experimental observation. The second approach involves simulating the data by using the same parameters as in the USEPA's reassessment, but the fraction of the adipose mass is from the experimental data and the mean concentration ratio of tissue to blood is used to calculate the PC. All comparisons between the experimental data and the simulation were characterized visually and compared numerically when it was required. C57BL/6 diet effects NORMAL DIET. We used the USEPA model without making any changes in the parameters to simulate the TCDD behavior in the C57ND mice, except we employed table functions for the growth of the adipose tissue fraction (Figs. 6A-D) .
The PBPK model correctly predicted the blood concentration for the low dose of 0.1 mg of TCDD/kg bw, but it underpredicted the high dose by a factor of 2.5 (Figs. 6A and 6B ). For the adipose tissue, the simulations at low and high doses were reasonable; however, for the liver, the model overpredicted the data by a factor of 3 at the low dose ( Figure 6A ), with much better predictions at the higher dose ( Figure 6B ).
HIGH-FAT DIET. The same approach was used for the mice that consumed the HFD. During this approach, the same parameters were used as in the USEPA dioxin reassessment, except the adipose fraction changed because it was much higher in the HFD mice than in the normal lean mice originally modeled (Figs. 6C-D) . The prediction for the C57BL/6J mice was relatively accurate at a low dose (ie, 0.1 mg TCDD/kg bw) ( Figure 6C ), but after 30 days, the model began to underpredict the experimental data at both the low (0.1 mg TCDD/kg) and high dose (ie, 5.0 mg TCDD/kg bw) by a factor of 5 for the last time point ( Figure 6D) .
As previously mentioned, to improve the prediction in the current study, tissue PCs were estimated by using the tissue to blood concentration ratio from the experimental data ( Supplementary Figs. 5A and 5B). However, for the liver compartment, the ratio of liver to blood concentrations vary over time due to the partitioning into the liver based on the lipid content and to the dose and time response for CYP1A2 induction. For example, the experimentally derived PC (concentration liver to concentration blood ratio) was 59 for 0.1 mg TCDD/kg bw and 255 for 5.0 mg TCDD/kg bw. These values are also called an apparent PC, based on the liver concentration, which increases with dose because of TCDD sequestration by CYP1A2. Cleary, this dose-dependent increase of TCDD in the liver is attributed in part to the lipids in hepatic tissue, but also to the induction of CYP1A2, which is mathematically accounted for in the model. To ensure that the CYP1A2 induction was not accounted for twice, we set the liver PC to 6, which is the value used in the original model (USEPA, 2012). At a low dose (ie, 0.1 mg TCDD/ kg bw), the PBPK model predicted the liver and adipose tissue compartments relatively well, but the model underpredicted the experimental data points for blood ( Figure 7A ). At a high dose, the model provided a relatively good prediction for the liver, with a factor of approximately ffi2; however, the model underpredicted adipose tissue and blood by a factor of 10 ( Figure 7B ). The change of the PC slightly increases the prediction for the liver at a high dose, but results in an underprediction for adipose tissue (Figs. 7A and 7B) . These results suggest that other parameters seem to influence the decrease in TCDD elimination. Table 1 . Classical Pharmacokinetic Analysis of the blood concentration ( Figure 5A-B) Statistical comparisons between groups are presented in Table 2 with the level of statistical significance when it was possible. (2012) were used to simulate the A/J mice, which were exposed to 0.1 or 5.0 mg TCDD/kg bw (Figs. 8A and 8B). The simulation showed relatively good predictions for adipose tissue, liver, and blood at a low dose, but underpredicted for blood at the high dose ( Figure 8B ). However, the prediction is adequate for adipose tissue and liver as it differs from the data by a factor of approximately 1.2.
A /J HIGH-FAT. This A/J mice that were administered an HFD did not become obese. Thus, the consequence of a minimal change in the adipose tissue, results in a minimal impact of diet on elimination. At a low dose of 0.1 mg TCDD/kg bw, the simulation of the A/J mice showed an accurate prediction for adipose tissue and liver. However, for blood, the prediction was approximately an order of magnitude lower than was observed at the last time point of 60 days ( Figure 8C ). At the high dose of 5.0 mg TCDD/ kg bw, a good prediction for both adipose tissue and liver was observed ( Figure 8D ). However, the predicted blood concentrations were underestimated by approximately an order of magnitude. For these simulations (Figs. 8C and 8D) , we used the same parameters as were utilized in the original model in 2012 (USEPA, 2012) . Again, to analyze the effects of the PC, we have used the experimental data calculated from the tissue to blood concentration from day 10 to day 40, and then used the mean of the PC of all ratios. When the experimental PC was used, a slight underprediction was observed for adipose tissue and liver. For the blood, the PBPK model underpredicted the data by an order of magnitude.
Attempts to identify better fits to the data by varying other parameters in the model, particularly those related to CYP1A2, were investigated. However, variations in other parameters such as induction of CYP1A2, association and dissociation of TCDD binding to CYP1A2, or the interaction TCDD with the Ah receptor occupancy, did not result in better fits to the data and did not help to explain why there was the observed reduction in elimination. The only parameter that can reduce the elimination was the Kelv, an interspecies constant controlling the elimination between species. However, attempts to optimize the model output by changes in Kelv were unsuccessful at obtaining better fits to the data (Supplementary Figure 6) .
DISCUSSION
The objectives of this current study were to examine the effects of obesity on the pharmacokinetics of TCDD in two strains of inbred mice. C57HFD mice became obese, but the A/J HFD mice did not (Glastras et al., 2016; Surwit et al., 1988) . There was a 40% increase in bw among the C57HFD mice compared with the C57ND following 13 weeks on the diet. In addition, post-TCDD exposure, the C57HFD mice gained approximately 30% more bw compared with ffi 10% for the AJHFD, ffi 5% for the AJND, and ffi 4% for the C57ND groups (Figs. 1A and 1B) .
We used classical pharmacokinetic analysis to compare the 4 groups receiving 2 different concentrations of TCDD. The results from this analysis indicate that for both strains and diets, there was a dose dependent increase in the elimination of TCDD that is consistent with the induction of TCDD metabolism as has been previously reported (Diliberto et al., 1999) . The half-life of TCDD was also influenced by the diet. In the C57BL/6J mice, the half-life is increased by approximately 2-fold at the high dose from 15.7 days in the C57ND to approximately 31.2 days in the C57HFD. At the low dose, the half-life for the C57HFD mice was increased by approximately 10-fold and was calculated at 139 days. The influence of the diet on the TCDD half-life in the A/ J mice was minimal. The longer half-life in the C57HFD mice can be explained, in part, by a larger adipose tissue fraction (Emond et al., 2006) , resulting in slower elimination of TCDD.
It is recognized in the literature that obesity will change drug disposition (Blouin et al., 1987; Ritschel and Kaul, 1986; Wang and Li, 2017) . In the present study, we saw an approximately 40% decrease in CYP1A2 concentrations in the liver in both the C57HFD and AJHFD mice compared with their ND fed controls. This is consistent with a recent study describing decreased CYP1A2 mRNA expression in mice fed an HFD (Ning and Jeong, 2017) . This data appear to contrast with human studies which indicate that the half-life of drugs metabolized by CYP1A2 is decreased in humans (Abernethy et al., 1985; Caraco et al., 1995; Kamimori et al., 1987) . To better understand how the pharmacokinetic behavior of TCDD is influenced by conditions such as obesity, we simulated the data using a PBPK from all groups of mice either consuming the ND or HFD and at a low or high concentration of TCDD. We performed simulations to optimize biologically relevant parameters such as PC, fat fraction of the adipose tissue, tissue blood flow, permeability diffusion disrupted by the overload of lipids in the organs, and/or disruption of the CYP1A2 induction parameters. For both strains that were fed an ND, the prediction of liver and fat is reasonable compared with the experimental data points, except for blood (Figs. 6A and 6B and 8A and 8B) . Although, blood was underestimated by the model, the prediction is still within a factor of 2-3.
The PBPK model predicted relatively well the 0.1 and 5.0 mg TCDD/kg bw dose in the C57HFD mice at the early time points, but the fits worsen at the later time points for liver, fat, and blood (Figs. 6C and 6D ). The incorporation of the experimentally derived PC did not contribute to a better prediction (Figs. 7A and 7B ). Even though we tried varying multiple combinations of parameters, we were unable to provide better fits to the data in the HFD group. This inability to identify the parameters responsible suggest that the PBPK model misses a key feature of the biology of TCDD pharmacokinetics in obese mice.
We compared the elimination profile of AJHFD mice with C57HFD. The A/J mice strain did not develop obesity when they were fed an HFD. The results clearly show that the elimination of TCDD by both mouse strains fed an ND followed a similar pattern in terms of time (Figs. 6A and 6B for the C57BL/6J mice; Figs. 8A and 8B for the A/J mice). Exposure to an HFD had less of an influence on the A/J mice than on the C57BL/6J mice. In addition to obesity, C57Bl/6 mouse also develop a metabolic syndrome similar to type II diabetes (Black et al., 1998) . The difference in the effects of the high fat diet on the pharmacokinetics of TCDD between the A/J and the C57BL/6J might be due to the difference in the increase in body fat between the two strains as well as a metabolic dysregulation not identified with the PBPK model.
Overall, feeding the C57BL/6J mice an HFD drastically increased the bw of this strain compared with the A/J mice. This increase in bw among the C57BL/6J mice not only raised the fat fraction, but also contributed to a change in the lipid composition in other compartments such as the liver, which subsequently resulted in an increase in the PC. This increase in lipids in organs such as the liver likely contributes to slowing the elimination of TCDD (Lee et al., 2011) . Although the model incorporated the changes in body fat and PC, there must also be changes due to obesity and metabolic syndrome. In addition to the size of the fat compartment, changes in tissue PC, and CYP1A2 expression that impacts the elimination of TCDD in obese animals that are not accounted for the model.
CONCLUSION
We conclude that the impact of an HFD on the pharmacokinetics of TCDD is partially due to the increase in the fat fraction, but not to the increase in the PC, suggesting that other mechanisms must be contributing to the reduced elimination of TCDD in mice fed an HFD which develop obesity. Although decreases in CYP1A2 may also play a role, our analysis using the PBPK model could not fully explain the differences in the half-life of TCDD in the obese animals when the changes in adipose size and CYP1A2 expression were incorporated. More research on the impact of an HFD on the elimination of environmental chemicals is needed to determine how common this phenomenon may be across chemical classes. In addition, the impact of diet on the pharmacokinetics of xenobiotics, especially for obese populations, who now represent a large percentage of the population, requires a better understanding.
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